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a  b  s  t  r  a  c  t
Reading  is a complex  cognitive  skill  subserved  by a distributed  network  of  visual  and  language-related
regions.  Disruptions  of  connectivity  within  this  network  have  been  associated  with  developmental
dyslexia  but  their  relation  to  individual  differences  in the  severity  of  reading  problems  remains  unclear.
Here  we investigate  whether  dysfunctional  connectivity  scales  with  the  level  of  reading  dysﬂuency  by
examining  EEG  recordings  during  visual  word  and  false  font  processing  in 9-year-old  typically  reading
children  (TR)  and two groups  of dyslexic  children:  severely  dysﬂuent  (SDD)  and  moderately  dysﬂuent
(MDD)  dyslexics.  Results  indicated  weaker  occipital  to inferior-temporal  connectivity  for  words  in  both
dyslexic groups  relative  to  TRs.  Furthermore,  SDDs  exhibited  stronger  connectivity  from  left central  to
right inferior-temporal  and  occipital  sites  for words  relative  to  TRs,  and  for false  fonts  relative  to  bothisual word recognition
irected functional connectivity
irected transfer function
MDDs  and  TRs.  Importantly,  reading  ﬂuency  was  positively  related  with  forward  and  negatively  with
backward  connectivity.  Our  results  suggest  disrupted  visual  processing  of  words  in both  dyslexic  groups,
together  with  a  compensatory  recruitment  of  right  posterior  brain  regions  especially  in the  SDDs  during
word  and  false  font  processing.  Functional  connectivity  in  the  brain’s  reading  network  may  thus  depend
on  the level  of  reading  dysﬂuency  beyond  group  differences  between  dyslexic  and  typical  readers.
© 2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND. Introduction
Although reading is a complex cognitive function, 90–95% of
ll children master it without notable problems. However, chil-
ren suffering from developmental dyslexia never attain ﬂuent
eading skills despite adequate intellectual abilities and educa-
ional opportunities (Blomert, 2005; Lyon et al., 2003). Among the
Abbreviations: DTF, directed transfer function; TR, typical readers; MDD, mod-
rately dysﬂuent dyslexic readers; SDD, severely dysﬂuent dyslexic readers.
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richt, Netherlands.
E-mail addresses: gojko.zaric@maastrichtuniversity.nl (G. Zˇaric´),
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G. Fraga González), jurgentijms@iwal.nl (J. Tijms), M.W.vanderMolen@uva.nl
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1 Leo Blomert passed away on November 25, 2012.
ttp://dx.doi.org/10.1016/j.dcn.2016.11.003
878-9293/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article 
/).license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
reading-related deﬁcits of developmental dyslexia, reading dysﬂu-
ency poses the most pronounced and long lasting hurdle (Shaywitz
et al., 2008), especially in relatively transparent orthographies, such
as Dutch or German (Blomert, 2011; Wimmer  and Schurz, 2010).
At the same time, dyslexics show substantial inter-individual vari-
ability in their level of reading (dys)ﬂuency (Katzir et al., 2008;
Leinonen et al., 2001). One of the neurobiological signatures of
dyslexia is an abnormal pattern of functional and/or anatomi-
cal connectivity within the brain’s reading network (Geschwind,
1965; Paulesu et al., 1996; Vandermosten et al., 2012; Wimmer
and Schurz, 2010). Impaired connectivity could disrupt decoding
or orthographic–phonological integration at word (Wimmer and
Schurz, 2010), syllable and/or phoneme level (Blomert, 2011), caus-
ing slower and less accurate reading in dyslexics. In the present
study we  investigate whether atypical neural connectivity scales
with differences in the level of reading (dys)ﬂuency in dyslexic
children.
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Reading depends on efﬁcient processing in large scale neural
etworks combining information of multiple and distinct processes
n different brain regions. In particular, reading is subserved by
rain networks for spoken language and visual processing that
ecome closely linked over the ﬁrst years of reading development
Hannagan et al., 2015; Schlaggar and McCandliss, 2007). Commu-
ication or connectivity between these regions may  be mediated by
he phase relation of cortical oscillations (Engel et al., 2001; Varela
t al., 2001). In humans, these oscillations are typically measured
t different scalp locations using electro-encephalography (EEG)
r magneto-encephalography (MEG). There are several methods
o determine EEG/MEG-based functional non-directed or directed
onnectivity. One of the ﬁrst proposed measures of functional con-
ectivity refers to EEG coherence, which provides the correlation
etween cortical oscillations across channels (Varela et al., 2001).
ore recently, directed connectivity measures have been devel-
ped, which provide additional information on the directionality
f connectivity across channels. In the present study, we apply the
irected transfer function (DTF) method. DTF is based on multivari-
te autoregressive models and Granger causality (Granger, 1969;
amin´ski and Blinowska, 1991).
Directed connectivity measures have been successfully used to
nvestigate the oscillatory dynamics of the reading network in typi-
ally reading adults (Bedo et al., 2014; Kujala et al., 2007; Woodhead
t al., 2014). For example, the MEG  study of Kujala et al. (2007)
nvestigated directed connectivity by coherence-based detection of
nterconnected nodes in brain source space. This method enabled
hem to demonstrate that the processing of words in a rapid serial
isual presentation (RSVP) paradigm involves long-range commu-
ication via alpha band (8–14 Hz), and in about half of the subjects
lso via beta band (15–30 Hz) activity. More speciﬁcally, their
esults showed activation propagation from posterior to anterior
reas with the inferior occipito-temporal cortex and cerebellum as
he main driving nodes, as well as more local frontal connectiv-
ty in areas related with visual recognition and working memory
Kujala et al., 2007). Furthermore, an EEG study applying phase
ynchrony and transfer entropy to analyze connectivity between
ndependent components, reported ventral occipito-temporal cor-
ex (vOT) as a central hub for word reading, with theta (3–7 Hz) and
amma  (30–50 Hz) band connectivity between vOT and both early
isual and language-processing areas (Bedo et al., 2014).
Several EEG/MEG studies investigated connectivity in the read-
ng network of typically reading and dyslexic children or adults
uring rest and reading/attention related tasks. These studies have
eported a mixed pattern of group differences, as reﬂected by
onnectivity, coherence, spectral power and network conﬁgura-
ion measures (Arns et al., 2007; Dhar et al., 2010; Dimitriadis
t al., 2013; Fraga González et al., 2016a; Frye et al., 2012, 2010;
eisman, 2002; Ligges et al., 2010; Milne et al., 2003; Stokic´ et al.,
011). In broad outline, however, these studies revealed altered
EG/MEG connectivity in dyslexic readers, including a general ten-
ency for altered posterior-to-frontal connectivity (e.g. Arns et al.,
007; Milne et al., 2003) and a relatively stronger reliance on right
emisphere regions (e.g. Arns et al., 2007; Ligges et al., 2010).
The central aim of the present study is to investigate whether
irected connectivity during reading scales with the level of dys-
uency in dyslexic children. We  investigate patterns of directed
onnectivity in the reading network in typically reading (n = 20)
nd two groups of dyslexic children: moderately dysﬂuent dyslexic
n = 18) and severely dysﬂuent dyslexic (n = 16) readers. The same
roups of children were previously shown to exhibit different
atterns of neural integration of letters and speech sounds as
epresented by mismatch negativity (MMN,  100–250 ms)  and
ate negativity (LN, 600–750 ms)  ERPs in a cross-modal oddball
aradigm (Zˇaric´ et al., 2014). Speciﬁcally, both dyslexic groups
xhibited reduced audiovisual integration of letters and speeche Neuroscience 23 (2017) 1–13
sounds in the later time window (cross-modal LN), while severely
dysﬂuent dyslexics additionally showed a reduction in the ear-
lier perceptually driven audiovisual MMN  response (Zˇaric´ et al.,
2014). Here, we employ a visual word recognition paradigm (Fraga
González et al., 2014, 2016b) to investigate whether directed con-
nectivity during the processing of visual words and letter-like
meaningless false font strings indicates a different functionality
of the reading network in these groups. In particular, as the false
fonts were designed to be letter-like, both word reading and false
font ‘reading’ may  be impaired in the severely dysﬂuent dyslexic
group due to the weakest orthographic–phonological connectiv-
ity at word and/or subword level (Blomert, 2011; Wimmer and
Schurz, 2010). Instead moderately dysﬂuent dyslexic children may
more efﬁciently differentiate these stimulus types and exhibit
impairments predominantly during the word reading condition.
We quantify directed connectivity using the DTF which provides
both the strength and direction of connectivity between selected
electrodes (Kamin´ski and Blinowska, 1991). Focusing on the level
of (dys)ﬂuency in reading allowed us to examine whether children
differing in ﬂuency and letter-speech sound integration capability
exhibit different patterns of directed connectivity that could poten-
tially contribute to the mixed and inconclusive results obtained in
previous functional connectivity studies.
2. Methods
2.1. Participants
Participants were 55 9-year-old children including 35 dyslexic
and 20 typical readers, who also participated in a previous cross-
modal oddball study (Zˇaric´ et al., 2014). Children were diagnosed
as dyslexic at a specialized institute for dyslexia and reading prob-
lems using an extensive cognitive psycho-diagnostic test battery.
Dyslexic children were included in our study based on their poor
reading skills, i.e. below 10th percentile of the age appropriate
group on 3DM (Dyslexia Differential Diagnosis) word and pseu-
doword reading ﬂuency subtests (Blomert and Vaessen, 2009) and
were divided into groups of severely dysﬂuent (SDD) and mod-
erately dysﬂuent (MDD) dyslexics based on a composite score of
reading ﬂuency (including the 3DM word and pseudoword read-
ing subtests (Blomert and Vaessen, 2009), the one-minute word
reading test − EMT  (Brus and Voeten, 1973), and the short story
‘De kat’ (‘The cat’) reading test (de Vos, 2007); for details see: Zˇaric´
et al., 2014). Children also completed other subtests of the 3DM bat-
tery, i.e. spelling, letter-speech sound identiﬁcation, letter-speech
sound discrimination, phoneme deletion, rapid automatized nam-
ing (RAN) and basic reaction time subtests (Blomert and Vaessen,
2009). Individual behavioral testing was  performed on average (SD)
1.4 (1.2) months prior to the EEG experiment. In comparison to
Zˇaric´ et al. (2014), data of two children in the severely dysﬂuent
group could not be included, one due to an incomplete dataset,
and the other because of the absence of correct responses in both
experimental conditions. The present data thus includes 20 typi-
cal readers (TR), 18 moderately dysﬂuent dyslexics (MDD) and 16
severely dysﬂuent dyslexics (SDD). All children performed a bat-
tery of reading-related and cognitive behavioral tests (Table 1).
As the exclusion of the 2 participants did not change the group
differences on any of the behavioral tests, we  refer to Zˇaric´ et al.
(2014) for a more detailed description of these tests and behav-
ioral scores. Note that the typical readers and a subset of the
dyslexic children were also part of a previous investigation of early
visual ERP responses using the same paradigm (Fraga González
et al., 2014). In the present study, we  included a larger number
of dyslexic children which allowed for the division into moder-
ately dysﬂuent and severely dysﬂuent groups (see also Zˇaric´ et al.,
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Table 1
Behavioral reading scores: Descriptive data and statistical group comparisons for typical readers, dysﬂuent and severely dysﬂuent dyslexic readers.
Typical Readers Moderately Dysﬂuent
Readers
Severely Dysﬂuent
Readers
N  20 18 16
Age 8.80 ± 0.38 9.02 ± 0.45 8.92 ± 0.41 F(2,51) = 1.38 p = 0.260
Sex ratio (m:f) 8:12 9:9 11:5
Handedness (L:R) 2:18 3:15 3:13 Typical vs. Moderately
Dysﬂuent
Typical vs. Severely
Dysﬂuent
Dysﬂuent vs. Severely
Dysﬂuent
M SD M SD M SD F(1,36)c p F(1,34) P F(1,32)c P
3DM Total Reading
Accuracy [%]
95.22 3.64 90.99 4.76 78.66 9.60 10.97 0.002 52.69 <0.001 23.39 <0.001
3DM  Total Reading Fluency
[Nwords/90 sec]
118.20 18.74 68.06 7.15 46.06 9.77 113.70 <0.001 194.02 <0.001 56.96 <0.001
3DM  Total
correct + incorrect
[Nwords/90 sec]
123.41 16.40 74.83 7.44 58.69 11.89 133.06 <0.001 175.11 <0.001 23.07 <0.001
3DM  Total Reading
Accuracy [T] a
49.50 9.06 39.44 9.08 25.00 8.56 11.65 0.002 68.22 <0.001 22.60 <0.001
3DM  Total Reading Fluency
[T]
53.95 9.34 33.83 2.41 26.25 3.87 78.62 <0.001 123.22 <0.001 48.19 <0.001
One  minute test − EMT  [C]
b
6.05 1.76 2.61 0.61 1.44 0.63 61.83 <0.001 99.09 <0.001 30.56 <0.001
Story  reading ﬂuency ‘ −
De Kat’ [T]
54.70 8.04 36.33 2.20 29.06 5.82 87.81 <0.001 114.35 <0.001 24.25 <0.001
Letter  −speech sound
coupling [T]
3DM Spelling − accuracy 50.60 9.14 35.89 5.96 33.56 7.16 33.66 <0.001 37.22 <0.001 1.07 0.309
3DM  Spelling − RT 54.55 8.70 39.11 6.99 38.25 7.72 35.83 <0.001 34.46 <0.001 0.12 0.735
L-SS  identiﬁcation −
accuracy
46.95 7.70 42.94 11.63 38.94 11.50 1.60 0.214 6.24 0.017 1.02 0.321
L-SS  discrimination −
accuracy
50.20 9.25 46.06 8.96 40.88 7.31 1.89 0.177 10.82 0.002 3.29 0.079
L-SS  identiﬁcation − RT 52.80 7.08 45.00 7.39 42.25 8.04 11.03 0.002 17.50 <0.001 1.08 0.306
L-SS  discrimination − RT 51.10 8.01 46.76 9.71 48.38 8.80 2.22 0.145 0.94 0.338 0.25 0.622
Phoneme  deletion −
accuracy [T]
52.70 7.63 41.94 7.18 36.44 8.39 19.28 <0.001 36.97 <0.001 4.12 0.051
Rapid  naming (RAN) [T] 49.85 9.91 38.76 6.86 32.94 9.02 20.36 <0.001 35.88 <0.001 4.40 0.044
Basic  reaction time [T] 60.70 9.61 62.29 7.70 66.63 11.22 0.302 0.586 2.91 0.097 1.69 0.203
Raven  matrices [C] 7.04 1.49 6.81 1.68 7.28 1.32 0.21 0.651 0.24 0.624 0.81 0.375
a T scores (M = 50, SD = 10).
b C scores (M = 5, SD = 2).
c For RAN, basic reaction time, phoneme deletion and L-SS discrimination degrees of freedom were: F(1,33) and F(1,31) as data for one subject was missing.
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014). Although reading ﬂuency can be deﬁned as accurate reading
t a fast/conversational rate (e.g. Kim et al., 2014), in transpar-
nt orthographies such as Dutch, accuracy levels are high, even in
yslexic readers, after only one year of formal reading education
Blomert and Vaessen, 2009). Consequently, differences in ﬂuency
re mainly a reﬂection of differences in the speed of the reading pro-
ess. Accordingly, on the 3DM reading task for which we  obtained
oth accuracy and ﬂuency measures, the MDD  and SDD groups
iffered in reading ﬂuency even after correction for accuracy dif-
erences, i.e. by counting the total number of correctly + incorrectly
ead words within 90 s (see Table 1).
.2. Stimuli
Visual stimuli consisted of 80 bisyllabic Dutch words and 80 cor-
esponding false font strings. The words were selected in a two-step
rocess. First a larger set of words was selected from two word lists
Ghyselinck et al., 2000; Schaerlakens et al., 1999) based on an age
f acquisition (AOA) of 6-years or earlier. In the second step, three
ndependent native Dutch adult speakers rated familiarity of the
elected words, and only words that were rated as familiar by all 3
aters were further selected for the experiment. Half of the result-
ng 80 words had 4–5 letters and the other half had 6–7 letters.
n the current study we averaged behavioral, ERP and connectivity
alues for short and long stimuli and investigated the effect of lex-
cality (i.e., words vs. false font strings) but not of stimulus length.
e used bold lower-case “Arial” font, size 40, for the presentation
f the words. The 80 words were then converted to 80 correspond-
ng false font strings using a special “3elementSymbols-1600” false
ont (P.L. Cornelissen, personal communication October 2011). We
sed this false font (Fig. 1) as it consists of meaningless characters
omparable to the Latin alphabet letters in spatial frequency, con-
rast characteristics and the number of line elements (Hansen et al.,
npublished data). Words and false font strings were presented in
hite on a black background at the center of the screen, covering
n average 6.4◦ (w) × 1.5◦ (h) of the visual angle.
.3. Experimental design
Stimuli were presented in a 2 × 2 blocked design with sepa-
ate blocks per condition type (words, false font) and stimulus
ength (see also Fraga González et al., 2014). In total, 4 word and 4
alse font blocks were presented in a pseudo-random order. Each
lock consisted of 44 stimulus trials. Stimuli were presented for
00 ms  followed by a white ﬁxation cross presented during the
350 ms  inter-stimulus interval (ISI). To keep participants attentive
hroughout the experimental session, they were asked to perform
 one-back task on stimulus repetition (Fig. 2). Each block con-
ained four target trials (i.e., immediate repetition of the preceding
timulus), presented pseudo-randomly, with 7–13 trials separat-
ng consecutive target trials. Participants’ task was to respond to the
arget trials by pressing any of the two buttons placed at the arms of
he chair they were seated in. Target trials were excluded from the
EG analysis. The total recording time of the experiment was 12 min
xcluding breaks in between blocks given to the participants if nec-
ssary. The experiment was part of a longer experimental session
hat also included a crossmodal oddball paradigm (Zˇaric´ et al., 2014)
nd was performed during the second part of the experimental
ession after the ﬁrst crossmodal oddball block.
.4. Behavioral data analysisWe  calculated the percentages of correct target detections (i.e.
utton press up to 1550 ms  after target trial onset), average reac-
ion times and false alarms for words (short and long) and false
ont strings (short and long) to test whether the participantse Neuroscience 23 (2017) 1–13
performed the task as intended and to evaluate possible behav-
ioral differences between groups and conditions. To account for
the fact that the distribution of accuracy data was left skewed,
especially in the word condition (across groups: skewness −
g1 and kurtosis −g2: g1w = −0.959 ± 0.325, g2w = 0.617 ± 0.639;
g1ff = −0.240 ± 0.325, g2ff = −0.812 ± 0.639), condition differences
were examined with the Wilcoxon signed-ranks test for one
sample and group differences with the independent samples
Mann–Whitney-U test. Finally, reaction times were analyzed with
repeated measures ANOVA including Stimulus Type (words − false
font) as the within subject factor and group pairs (TR vs MDD; TR
vs SDD; MDD  vs SDD) as the between subject factor (see also Fraga
González et al., 2014).
2.5. EEG data recording and preprocessing
EEG data were recorded with the ‘Biosemi Active Two system’
(Biosemi, Amsterdam, Netherlands). Recordings were sampled at
1024 Hz with a bandwidth ﬁlter of DC–104 Hz (a highpass ﬁl-
ter was  not applied during recording, while the low pass ﬁlter
had a 5th order sinc response with a −3 dB point at 1/5th of the
selected sample rate). EEG was  measured at 64 scalp electrodes
using active-channels placed according to the 10–20 international
system (Electro-cap International Inc.). Additionally, the cap pro-
vided locations for two more electrodes needed for recording of the
DC signal in the vicinity of PO1 (Common Mode Sense, CMS) and
PO2 (Driven Right Leg, DRL), and the CMS  was  used as a record-
ing reference. Four ‘Flat-Type Active’ electrodes were used for the
bipolar measurement of eye-movements, two of which were placed
below and above left eye and two  at the outer canthi of each eye.
Two more electrodes on the left and right mastoids were used for
ofﬂine re-referencing. We  kept the offset band of the electrodes
from −20 mV  to 20 mV.
The data were preprocessed and analyzed using the v12.0.5b
EEGLAB toolbox (Delorme and Makeig, 2004; http://www.sccn.
ucsd.edu/eeglab), Fieldtrip (Oostenveld et al., 2011), BSMART tool-
box (Cui et al., 2008) and custom Matlab scripts (MATLAB 2014a,
The MathWorks, Natick, MA). Raw EEG signals were ofﬂine re-
referenced to the average of the mastoids (Bastos and Schoffelen,
2016; Kaminski and Blinowska, 2014), band-pass-ﬁltered from 0.5
to 100 Hz using a zero phase digital basic FIR ﬁlter (high-pass tran-
sition band width 0.08 Hz; low-pass transition band width 10 Hz),
resampled to 256 Hz (to optimize the tradeoff between model
complexity and the time-span covered by the multivariate autore-
gressive model, see e.g. Seth et al., 2015) and epoched between
−500 to 900 ms  with respect to stimulus events of the non-target
trials of interest for the analysis. Epochs were baseline corrected
with respect to the mean signal in the pre-stimulus period (500 ms).
Epochs lasted until 900 ms  post-stimulus because this time win-
dow includes the major responses to visual words/false fonts
(Dambacher et al., 2012; Laszlo and Federmeier, 2014; Ligges et al.,
2010; Rossell et al., 2003). Furthermore, visual inspection of our
data revealed that a large percentage of eye-blinks started around
1000 ms  post-stimulus. Epochs including signals with amplitudes
higher than ±150 V at the EOG and scalp electrodes were clas-
siﬁed as artifactual and discarded from further analysis. As in
some children power line noise was still present, we  removed line
noise at 50 Hz using CleanLine plug-in for EEGLAB that subtracts
a time-domain sinusoid (the best estimate of the deterministic
line noise) from the data (Mullen, 2012; http://www.nitrc.org/
projects/cleanline). The ﬁnal mean (SD) number of epochs per
group included in the analysis corresponded to: TRs − 127 (20)
for words and 134 (17) for false font strings; MDDs  − 124 (20) for
words and 121 (18) for false font; and SDDs − 124 (20) for words
and 121 (23) for false fonts. Importantly, as we were interested in
functional directed connectivity, we avoided preprocessing steps
G. Zˇaric´  et al. / Developmental Cognitive Neuroscience 23 (2017) 1–13 5
Fig. 1. False font used in the experiment.
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uch as re-referencing to an average reference, artifact correction
sing independent component analysis, electrode interpolation or
EG source modeling that may  affect the results of our analysis
y artiﬁcially inducing shifts in the phase of the different spectral
scillations (Kaminski and Blinowska, 2014).
.6. EEG data analysis
EEG functional connectivity analysis was performed using 9
lectrodes over the left and right posterior to anterior sites (O1,
2, P7, P8, C3, Cz, C4, F5, F6). In rare cases of noisy signals at one of
hese electrodes the signal was replaced by an adjacent electrode.
or two participants O1 was replaced by PO3, for one participant
2 was replaced by PO4 and for another participant we used F7
nstead of F5. The 9 electrodes were selected based on the reported
ensitivity of these sites to activity in different regions of the read-
ng network, e.g. as reﬂected by reading-related ERPs (e.g. Coch
nd Meade, 2016; Dehaene, 1995; Hauk et al., 2006; Landi and
erfetti, 2007; Mahé et al., 2012; Savill and Thierry, 2011). Thus,
e selected electrodes that are likely to be sensitive to activity
n middle occipital areas (O1 and O2), occipito–temporal regions
ncluding inferior temporal areas (P7 and P8), auditory, somatosen-
ory and motor areas (Cz, C3, C4) and inferior/middle frontal areas
F5 and F6) (Koessler et al., 2009; Mayhew et al., 2010). A comple-
entary analysis of ERP activity at these electrodes is available as
upplementary material.
We  investigated EEG connectivity during visual word and false
ont processing by calculating directed connectivity between chan-
els using the directed transfer function (DTF, Kamin´ski and
linowska, 1991). To calculate the directed connectivity between
 given channel A and a given channel B, this method estimates
he ratio between the input from channel A to channel B and all
he inputs to channel B (Blinowska et al., 2004). DTF was applied
cross single trials using epoched data from 0 to 900 ms after stim-
lus presentation using signal oscillations between 1 and 70 Hz for
ach of the four conditions separately (short and long words, and
hort and long false font symbols). Coefﬁcients of the multivari-
te autoregressive (MVAR) model were calculated using Brain − experiment.
System for Multivariate AutoRegressive Time series (BSMART) tool-
box as implemented in Fieldtrip (Cui et al., 2008; Oostenveld et al.,
2011). The order of the model was estimated based on the Bayesian
Information Criterion (Schwarz, 1978) representing the best trade-
off between accuracy of ﬁt and parsimony, as implemented in the
‘Granger causal connectivity analysis’ (GCCA) toolbox for Matlab
(Seth, 2010). The mean (SD; range) model order over all trials, con-
ditions and subjects was 4 (0.3; 3–7). The MVAR coefﬁcients were
then used to compute the spectral transfer matrix, which was  used
for the estimation of the DTF using Fieldtrip. DTF can be described
as an expansion of Granger causality to an arbitrary number of
signals/channels (Blinowska et al., 2004), and computes the ratio
between the inﬂows from channel A to channel B and the inﬂows
from all channels to the channel B. The resulting DTF value ranges
from 0 to 1, where 1 indicates that all the inﬂows to channel B
come exclusively from channel A. DTF is calculated as a function
of frequency and is robust to constant phase disturbances and vol-
ume  conduction because it ignores instantaneous (zero phase lag)
correlations (Kamin´ski and Blinowska, 1991).
We used the time-invariant DTF (Blinowska, 2011) for epoched
data as we  employed a block design in which dynamic, time-variant
properties could be attenuated by longer lasting cognitive states
induced by the repetition of stimuli from the same category within
blocks (Al-Aidroos et al., 2012). Examples of applications of DTF
to EEG data include studies on attention and working memory
(Blinowska et al., 2013, 2010; Brzezicka et al., 2011), motor tasks
(Ewen et al., 2015; Ginter et al., 2001; Kus´  et al., 2006), epilepsy
(Franaszczuk et al., 1994; Papadopoulou et al., 2012), Parkinson’s
disease (Androulidakis et al., 2008), rapid changes in connectiv-
ity in preterm children (Schumacher et al., 2015), and anesthesia
(Papadopoulou et al., 2015).
DTF values were ﬁrst analyzed using a repeated measures
ANOVA with stimulus type (2 levels: words and false font) as within
subjects factor and group (3 levels: TR, MDD, SDD) as between sub-
jects factor per frequency (1–70 Hz) per electrode pair. Results were
corrected for multiple comparisons per electrode pair using false
discovery rate (FDR, Benjamini and Hochberg, 1995). Post-hoc com-
parisons were performed for frequencies and electrode pairs that
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Fig. 3. Overall pattern of directed connectivity results. Top − topographic representation of electrode pairs for which ANOVA yielded signiﬁcant results. Brown − signiﬁcant
main  effect of stimulus type; orange − signiﬁcant main effect of group; violet − signiﬁcant interaction between stimulus type and group. Bottom − connectivity index for
DTF  (y-axes) by frequency (x-axes). Vertical dotted lines − borders between frequency ranges (delta [] = 1–2 Hz, theta [] = 3–7 Hz, alpha [] = 8–12 Hz, beta [] = 13–30 Hz
and  gamma  [] = 31–70 Hz). Rows − sources of connectivity; columns − sinks of connectivity. Typical readers (TR) − green, moderately dysﬂuent dyslexics (MDD)  − blue,
s ines. S
r f this
y
u
p
i
b
g
aeverely dysﬂuent dyslexics (SDD) − red. Words − solid lines, false font − dashed l
eferences to colour in this ﬁgure legend, the reader is referred to the web version o
ielded a signiﬁcant main effect and/or group*stimulus interaction,
sing either independent samples t-tests (Group comparisons) or
aired-samples t-tests (Stimulus effects within groups).
Finally, to investigate the relationship between EEG connectiv-
ty measures and individual differences in ofﬂine reading related
ehavioral scores, we applied Pearson’s correlations across the
roups on the individual connectivity index from each channel pair
nd composite behavioral scores. As in our previous studies, behav-igniﬁcant ANOVA results color coded as in the topoplot. (For interpretation of the
 article.)
ioral composite scores were constructed for reading ﬂuency (3DM
word reading tests, the EMT, and “De Kat”, Zˇaric´ et al., 2014, 2015)
and letter-speech sound coupling accuracy and reaction time. To
avoid a very large number of tests, correlations with behavioral
scores were performed on averaged connectivity measures in the
two frequency intervals that yielded largest group differences in
connectivity, i.e. the 25–50 Hz and 60–70 Hz intervals. We  per-
formed FDR multiple comparison corrections.
ognitive Neuroscience 23 (2017) 1–13 7
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. Results
.1. Behavioral performance
The percentages of correct responses (target trials) and false
larms (non-target trials), and mean reaction times for the correct
esponses across groups are given in Table 2. Behavioral measures
f target detection (in total 16 targets per condition) suggest that for
ll three groups it was more difﬁcult to recognize false font symbol
tring repetition than the repetition of words (Table 2).
A comparison of groups showed that MDDs were as accurate as
Rs in detecting targets in the word repetition task but less accu-
ate in the false font condition (U = 106.0, p = 0.030). Furthermore,
omparison of reaction times between TRs and MDDs yielded a sig-
iﬁcant stimulus type*group interaction (F(1,36) = 5.33, p = 0.027),
ut post-hoc tests only showed a tendency for RT differences in the
ord condition (t(36) = −1.85, p = 0.073) and no differences in the
alse font condition. Compared to SDDs, both the typical readers and
he MDDs were more accurate in the word conditions (TR versus
DD: CR: U = 34.5, p < 0.001; FA: U = 41.0, p < 0.001; MDD  versus
DD: CR: U = 72.0, p = 0.012, FA: U = 46.5, p < 0.001), with TRs being
aster than SDDs in both word and false font conditions (main effect
f group: F(1,34) = 4.32, p = 0.045). Taken together, this pattern of
esults suggests that MDDs are successful in trading off speed for
ccuracy in the word conditions, while SDDs are both slower and
ess accurate.
.2. EEG connectivity patterns for words and false font
To examine oscillatory dynamics of brain activity during the pro-
essing of words and false font strings, we compared functional
irected connectivity in the EEG signals (Fig. 3) elicited by the non-
arget stimuli in these two conditions across the three groups. To
his end we used a repeated measures ANOVA with stimulus type (2
evels: words and false font) as within subjects factor and group (3
evels: TR, MDD, SDD) as between subjects factor and report effects
hat reach signiﬁcance at qfdr < 0.05.
An increased functional connectivity for false fonts as compared
o words led to a signiﬁcant main effect of stimulus type in bidirec-
ional broadband connectivity between the two  inferior-temporal
lectrode sites (P7 to P8: 4–40 Hz and P8 to P7: 12–54 Hz). Fur-
her main effects of stimulus type showed stronger connectivity
or false fonts from both inferior-temporal sites to the left central
ite (P7 to C3: 11–45 Hz and P8 to C3: 25–48 Hz), and for words from
he right central to the right frontal site (C4 to F6: 2–44 Hz). Post-
oc t-tests (Fig. 4) for these frequencies and electrode pairs yielded
tronger connectivity in the beta and gamma  range for false fonts
han for words from P8 to P7 in TRs and MDDs (TR: 16–40 Hz; MDD:
7–54 Hz) and stronger beta connectivity for false fonts from P7
o C3 in TRs (13–32 Hz). There were no differences between false
onts and words in the SDD group. Words did not elicit stronger
onnectivity than the false fonts in any of the groups.
Next we investigated overall group differences. As can be seen
n Fig. 3, there was a signiﬁcant main effect of group in forward
onnectivity in the gamma  range (60–70 Hz) from the left occip-
tal site (O1) towards the left inferior-temporal site (P7) and in
ackward beta and gamma  range (13–62 Hz) connectivity from the
eft central (C3) towards the right inferior-temporal site (P8). Post-
oc group comparisons for these frequencies and electrode pairs
ielded stronger gamma  range connectivity from O1 to P7 for words
n TRs than in both dyslexic groups (TR/SDD: 60–70 Hz; TR/MDD:
0–65 Hz; Fig. 5), and the same connectivity was stronger in TRs
han in SDDs for false fonts (60–70 Hz; Fig. 6). Conversely, SDDs
howed stronger backward connectivity in the beta and gamma
ange from C3 to P8 than MDDs and TRs for false fonts (SDD/TR: Ta
b
le
 
2
B
eh
av
io
ra
l p
e
W
or
d
s 
Fa
ls
e 
fo
n
t 
W
or
d
s  
− 
Fa
D
if
fe
re
n
ce
8 G. Zˇaric´ et al. / Developmental Cognitive Neuroscience 23 (2017) 1–13
Fig. 4. Topographic visualization of differences in connectivity between words and
false font strings per group. TR- typical readers, MDD  − moderately dysﬂuent dyslex-
ics, SDD − severely dysﬂuent dyslexics. Left column − Stronger connectivity for
words than for false font strings, Right column − stronger connectivity for false
font than for words. Arrows represent the direction of the connectivity. Frequency
bands in which signiﬁcant differences were found are color-coded: light green −
beta (13–30 Hz), light red − gamma  (31–70 Hz). (For interpretation of the refer-
ences to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
Fig. 5. Topographic visualization of group differences in connectivity for words. TR-
typical readers, MDD − moderately dysﬂuent dyslexics, SDD − severely dysﬂuent
dyslexics. Stronger connectivity in one group relative to the other is represented
with “>” (e.g. TR > MDD  − stronger connectivity in TRs than MDDs). Arrows represent
direction of the connectivity for which there is a group difference. Frequency bands
in  which signiﬁcant group differences were found are color-coded: light green − beta
(13–30 Hz), light red − gamma (31–70 Hz). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. Topographic visualization of group differences in connectivity for false font
strings. TR- typical readers, MDD  − moderately dysﬂuent dyslexics, SDD − severely
dysﬂuent dyslexics. Stronger connectivity in one group relative to the other is repre-
sented with “ > ” (e.g. TR > MDD  − stronger connectivity in TRs than MDDs). Arrows
represent direction of the connectivity for which there is a group difference. Fre-
quency bands in which signiﬁcant group differences were found are color-coded:
light green − beta (13–30 Hz), light red − gamma (31–70 Hz). (For interpretation
of  the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)13–62 Hz; SDD/MDD: 28–61 Hz; Fig. 6), and than TRs for words
(13–59 Hz; Fig. 5).
Finally, our analysis yielded signiﬁcant group*stimulus type
interactions for connectivity in the beta and gamma range between
the right occipital and the left central sites (bidirectional, O2 to
C3: 26–48 Hz; C3 to O2: 25–52 Hz) and from the central to the left
inferior-temporal site (Cz to P7: 17–39 Hz), as well as in the gamma
range from the right to left frontal site (F6 to F5: 50–64 Hz). Post-hoc
analysis for these frequencies and electrode-pairs indicated that for
false font strings, SDDs, relative to both TRs and MDDs,  had stronger
backward connectivity in the beta and gamma  range from C3 to O2
(SDD/TR: 25–52 Hz; SDD/MDD: 25–52 Hz; Fig. 6) and in the gamma
range from F6 to F5 (SDD/TR: 50–64 Hz; SDD/MDD: 50–64 Hz). In
the word condition, SDDs, relative to TRs, showed stronger bidirec-
tional connectivity between O2 and C3 (O2 to C3: 26–48 Hz; C3 to
O2: 25–52 Hz; Fig. 5).
In brief, our results showed overall stimulus effects in terms
of stronger directed connectivity for false fonts than for words
from bilateral inferior-temporal sites towards the left central site
as well as between bilateral inferior-temporal sites. Words elicited
stronger connectivity from the right central to the right frontal site,
but only when all three groups were combined. Secondly, con-
sidering overall group differences, TRs showed stronger forward
connectivity from the left occipital to the left inferior-temporal site
than both dyslexic groups. SDDs instead showed stronger backward
connectivity from the left central to the right inferior-temporal site
than both TRs and MDDs. Thirdly, group*stimulus type interaction
effects resulted from stronger connectivity during false font pro-
cessing from the left central to the right occipital site, and from
the right to the left frontal site for SDDs relative to the other two
groups. Finally, in the word condition, SDDs, relative to TRs, exhib-
ited stronger bidirectional connectivity between the left central and
the right occipital site.
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Fig. 7. Correlations between connectivity and behavior. Signiﬁcant correlation (after FDR correction) of gamma range (60–70 Hz)  forward and beta/gamma range (25–50 Hz)
backward connectivity with reading related scores in A) word and B) false font condition. Green − typical readers; blue − moderately dysﬂuent dyslexics; red − severely
d rown 
c  reade
3
e
c
a
r
a
d
(
cysﬂuent dyslexics; black lines − signiﬁcant correlation across all three groups; b
orrelations. (For interpretation of the references to colour in this ﬁgure legend, the
.3. Correlations between directed connectivity and behavior
In a ﬁnal analysis, we investigated whether individual differ-
nces in connectivity strength in the visual word and false font
onditions relate to ofﬂine behavioral scores of reading ﬂuency and
ccuracy and letter-speech sound coupling accuracy and speed. We
estricted our analysis to the electrode pairs for which there was main effect of group (O1 to P7 and C3 to O2). As most group
ifferences in connectivity occurred in either the gamma  range
forward connectivity) or in the beta and gamma range (backward
onnectivity), these analyses were restricted to two average con-lines − signiﬁcant correlation across dyslexic groups; gray lines − nonsigniﬁcant
r is referred to the web version of this article.)
nectivity indices, one in the higher gamma  band (60–70 Hz) and
the other across the beta and lower gamma  bands (25–50 Hz). As
illustrated in Fig. 7, both during word and false font processing,
forward connectivity from the left occipital to the left inferior-
temporal site (O1 to P7: 60–70 Hz), was positively correlated with
reading ﬂuency, reading accuracy and letter-speech sound coupling
accuracy across the 3 groups, but not within the dyslexic groups
alone. Furthermore, in the word condition, backward connectivity
from the left central to the right occipital site (C3 to O2:  25–50 Hz)
was negatively related to reading ﬂuency and reading accuracy
across the 3 groups. In the false font condition, this same backward
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onnectivity was negatively related to reading accuracy across the 3
roups and to reading accuracy as well as ﬂuency and letter speech
ound reaction times across the two dyslexic groups.
. Discussion
We  investigated EEG-based directed connectivity during visual
ord and false font processing in 9-year old typically reading (TR)
nd two groups of dyslexic children, moderately dysﬂuent dyslexics
MDD) and severely dysﬂuent dyslexics (SDD). In the visual word
ondition our results showed weaker forward connectivity from
eft occipital to left inferior-temporal sites in both dyslexic groups
elative to TRs, suggesting reduced communication within the left
osterior network for visual word processing. The strength of this
ccipital to inferior-temporal connectivity scaled positively with
eading ﬂuency across the three groups. In addition, SDDs, relative
o TRs, exhibited stronger backward connectivity from left central
o right inferior-temporal and occipital sites. In the false font condi-
ion, this connectivity, as well as connectivity from the right to left
rontal site, differentiated SDDs from both TRs and MDDs. Further-
ore, the strength of backward connectivity from the left central to
he right occipital site scaled negatively with reading skills across
he dyslexic groups. Finally, false fonts, relative to words, yielded
tronger connectivity between inferior-temporal sites in TRs and
DDs, but not in SDDs. Together, these results suggest disrupted
isual processing of words in both dyslexic groups, and a compen-
atory recruitment of right posterior brain regions especially in the
DDs during the processing of both visual words and false fonts.
.1. Reduced connectivity from occipital to inferior-temporal
ites during visual word and false font processing in both dyslexic
roups
Dyslexics exhibited weaker left occipital to left inferior-
emporal connectivity in the higher gamma  range than TRs, and the
trength of this connectivity was correlated with reading ﬂuency
cross the three groups but not across the dyslexic groups alone.
ost-hoc tests revealed a difference between TRs and MDDs only for
ord reading, while TRs differed from SDDs in both word and letter-
ike false font ‘reading’. The processing of visually presented words
as been found to start in primary visual areas and proceed through
igher visual cortex ventrally to the left occipito-temporal sulcus,
here the putative visual word form area is located (Dehaene et al.,
005; McCandliss et al., 2003). Accordingly, an EEG connectivity
tudy analyzing connectivity between brain sources during word
eading in typically reading young adults, found feed-forward and
eed-back visual signals between occipital and ventral occipito-
emporal sites in theta and gamma  ranges (Bedo et al., 2014).
imilar to our results, a recent fMRI connectivity study in children
ound weaker connectivity along the visual pathway during a visual
ord- and non-word-rhyming task in 9 year old dyslexics relative
o their typically reading peers (Finn et al., 2014). Another fMRI
tudy investigated functional connectivity between the middle-
ccipital gyrus, the left occipito-temporal junction and left parietal
ortex during word reading in healthy adults with variable reading
erformance (Levy et al., 2009). Interestingly, and resembling our
urrent left occipital (O1) to left inferior-temporal (P7) connectivity
ndings, the strength of these bottom-up connections in the word
nd pseudoword conditions were signiﬁcantly related to individual
ifferences in reading ﬂuency (Levy et al., 2009).e Neuroscience 23 (2017) 1–13
4.2. Increased connectivity from and towards central sites during
visual word and false font processing in the severely dysﬂuent
dyslexic group
Severely dysﬂuent dyslexics showed stronger EEG connectivity
between posterior and central sites in the beta and lower gamma
range than TRs in the word condition and relative to both other
groups in the false font condition. This connectivity did not dif-
fer between MDDs and TRs. In the word condition, the group
differences occurred from the right occipital to the left central
site and backwards from the left central towards the right occip-
ital and inferior-temporal sites. In the false font condition, the
group differences were observed in backward connectivity, from
the left central towards the right occipital and inferior-temporal
sites. In typically reading young adults, word reading has been
associated with bidirectional theta and gamma  range connectivity
between early and higher order visual regions in the left occip-
ital and occipito-temporal cortex, and language related superior
temporal and parietal regions (Bedo et al., 2014). In typical devel-
opment, greater activation of temporo-parietal regions in children
than in adults is taken as a sign of greater reliance on phonolog-
ical processing during reading (Booth et al., 2001; Church et al.,
2008). Accordingly, we  hypothesize that increased connectivity
from and towards central sites in dyslexic children may  reﬂect a
compensatory reliance on temporo-parietal regions related to, for
example, phonological/semantic processing, sensorimotor and/or
verbal working memory functions (Bedo et al., 2014; Blomert,
2011; Pugh et al., 2001, 2000; Simos et al., 2002; van Atteveldt
and Ansari, 2014). Furthermore, especially in the SDDs, additional
recruitment of language and/or memory related temporo-parietal
networks may  compensate for diminished involvement of visu-
ally/orthographically driven left inferior-temporal regions due to
the weaker orthographic-phonological connectivity (Wimmer  and
Schurz, 2010). Interestingly, an increase in coherence with and
between the central sites has been observed in dyslexics after
neurofeedback training, together with improvements in reading
and phonological awareness (Nazari et al., 2012), while in another
study a lack of reading improvement was coupled with a lack of
changes in fronto-central coherence (Breteler et al., 2010). It would
be interesting to investigate training effects in relation to ﬂuency
as we  found stronger connectivity involving central sites in the
most dysﬂuent dyslexics. Furthermore, and similar to our ﬁnding
that SDDs exhibit stronger connectivity involving right hemisphere
sites, hyperactivation and stronger connectivity of right hemi-
sphere sites in dyslexics, relative to typical readers was observed in
previous studies (Finn et al., 2014; Grünling et al., 2004; Shaywitz
et al., 1998; Simos et al., 2007). Importantly, and further suggest-
ing the inadequacy of compensatory mechanisms involving the
right hemisphere regions in SDDs, a study showed that dyslex-
ics who activated the right, instead of the left temporoparietal
region in response to a reading intervention did not show ade-
quate behavioral improvements (Simos et al., 2007). Finally, our
pattern of results with forward connectivity in the higher gamma
range and backward connectivity in the beta and lower gamma
range is in general agreement with studies suggesting that feed-
forward and feedback information may  be transferred by different
frequencies, generally higher frequencies being related to feedfor-
ward and lower frequencies to feedback connectivity (Bastos et al.,
2015; Bressler and Richter, 2015; van Kerkoerle et al., 2014).
4.3. Increased connectivity from right to left frontal sites during
false font reading in severely dysﬂuent dyslexicsOur results further showed stronger anterior connectivity from
the right frontal to the left frontal site in SDDs. Also this group dif-
ference occurred in the beta and lower gamma  range. The stronger
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onnectivity between frontal sites in SDDs is in line with previous
esearch showing increased fMRI connectivity in dyslexic children
nd adults during resting state and reading related tasks between
ultiple frontal and parietal brain areas (Finn et al., 2014; Richards
nd Berninger, 2008; Schurz et al., 2014). In the present study chil-
ren performed a one-back task involving attentional and working
emory processes in addition to bottom-up visual processing of
ords and letter-like false fonts. Accordingly, the stronger con-
ectivity between frontal sites in SDDs may  suggest more effortful
trategies, related to higher working memory load, involvement of
honological processing (Brunswick et al., 1999; Finn et al., 2014;
haywitz et al., 1998) or increased attention (Gross et al., 2004).
lternatively, TRs and MDDs may  have been more successful than
DDs in suppressing the communication with task irrelevant areas
hrough desynchronization (Lachaux et al., 2008).
.4. Increased connectivity from right to left inferior-temporal
ites for false font versus word reading
Typical readers and moderately dysﬂuent dyslexics exhib-
ted stronger connectivity between inferior-temporal sites during
etter-like false font processing, relative to word processing. This
ifference was not present in SDD group. We  investigated overall
ifferences in functional connectivity within the reading network
hile children processed visual words or false fonts in a block
esign. This design did not yield stronger connectivity for visual
ords as compared to false fonts in any of the groups separately,
lthough the overall ANOVA did indicate stronger connectivity for
ords from right central to right frontal site across the groups
main effect of Stimulus Type from C4 to F6). The false fonts did
ield stronger connectivity as compared to the visual words from
ight inferior-temporal to left inferior temporal sites in TRs and
DDs and from left inferior-temporal to left central sites in TRs. In
DDs, functional connectivity patterns for words and false fonts did
ot signiﬁcantly differ. Because at the same time SDDs did show a
tronger backward connectivity relative to the TRs and MDDs, this
ack of condition effects possibly indicates a sustained uncertainty
nd/or altered orthographic–phonological connectivity in SDDs
Wimmer  and Schurz, 2010). In other words, the letter-likeness of
he false fonts may  have induced uncertainty as to whether the pre-
ented strings were orthographic or quasi-orthographic. In TRs and
DDs this uncertainty may  have been resolved within posterior
egions of the reading network, resulting in stronger connectivity
etween inferior-temporal sites.
Finally, we used a blocked presentation of visual words and
alse fonts that allowed the investigation of longer lasting cog-
itive states induced by the repetition of stimuli from the same
ategory (Al-Aidroos et al., 2012), but could attenuate condition dif-
erences within narrower time windows (Woodhead et al., 2014).
n future studies it would be relevant to investigate EEG con-
ectivity during word reading using unblocked and unpredictable
onsecutive trials. Importantly, the application of time variant
onnectivity measures, such as the short-time directed transfer
unction (Blinowska, 2011), could be then employed to investigate
he temporal signature of directed EEG connectivity, allowing the
bservation of dynamic network changes during reading.
. Conclusions
According to our knowledge, this is the ﬁrst study that inves-
igates directed connectivity during word reading in 9-year old
ypically reading and dyslexic children with different levels of
eading dysﬂuency. Our results point to different patterns of con-
ectivity in the reading network of typical and dyslexic children and
ithin dyslexic children as a function of the severity of their readinge Neuroscience 23 (2017) 1–13 11
dysﬂuency. Speciﬁcally, moderately dysﬂuent dyslexics, who pre-
viously showed a less severe impairment in letter-speech sound
coupling (Zˇaric´ et al., 2014), now showed an impairment in the left
posterior network for visual word processing, but did not show dis-
rupted connectivity during the processing of letter-like false fonts.
Severely dysﬂuent dyslexics, who previously showed a lack of ﬁrm
associations between letters and speech sounds (Zˇaric´ et al., 2014),
now revealed a (1) disruption of connectivity in the left posterior
network for visual word processing, (2) compensatory involvement
of anterior and right hemisphere sites, and (3) a lack of electro-
physiological differentiation between words and letter-like stimuli.
Finally, severely dysﬂuent dyslexics differed in connectivity from
moderately dysﬂuent dyslexics in the false font condition. The ﬁnd-
ing that the functional connectivity pattern in dyslexic children is
related to their reading level, may  in part explain the mixed results
obtained in previous functional connectivity studies of dyslexia.
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